Solid-liquid interfacial energy of steel during solidification was measured predicted from the both experimental techniques of unidirectional solidification and thermal analysis applying the dendrite growth model and heterogeneous nucleation model. Solid-liquid interfacial energy changed depending on primary phase during solidification, i.e., that of primary δ phase was larger than that of γ phase. When the primary phase was the same, solid-liquid interfacial energy increased with increasing C content. Primary dendrite arm spacing changed depending on solid-liquid interfacial energy. A trace amount of Bi which had the effect of a decrease in the solid-liquid interfacial energy of steel during solidification decreased primary and secondary dendrite arm spacing, significantly.
Introduction
Demand of high performance products of carbon steel is increasing recently. Some properties of final product are occasionally affected by the quality of continuously cast slabs. Therefore, the refinement of solidification microstructure becomes important, especially to improve tensile strength and toughness.A novel technology to control solidification structure has to be developed to improve the internal quality for extremely thick plates products which are difficult to meet the standard of reduction ratio. [1] [2] [3] With this technology, it is expected to improve the improvement of surface quality for direct rolling products which have coarsen γ grains [1] [2] [3] and to disperse fine inclusions which are precipitated with microsegregation during solidification. To solve these development subjects, it is necessary to refine the microstructure and reduce microsegregation during solidification. The study to control 4) solidification microstructure in slabs therefore becomes urgent.
A number of studies have been carried out on how the surface and the internal defects generate in continuously cast slabs. Some studies have been done on thermo-mechanical control process and on suppression of coarsening of grain with fine inclusions precipitated. However, technology to control solidification microstructure of continuously cast slabs have not been established. It is necessary to understand the dendritic growth mechanism for control of the solidification microstructure. However, the growth of dendrite is determined by the cooling condition in both the mold and the secondary cooling region, and then is restricted by the equipment of continuous casting machine. Therefore, it is difficult to change cooling conditions in actual process. Thus, establishment of a new control technology has been expected. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] By the way, it becomes possible to quantitatively predict dendritic growth by advancing of the dendritic growth model [16] [17] [18] and the phase field model. [19] [20] [21] However, to accurately simulate the dendritic growth, accurate physical properties are required. The interfacial energy between solid and liquid [22] [23] [24] [25] in molten steel has not been evaluated sufficiently due to difficulty to measure this value at high temperatures. In the present paper, based on the dendrite growth model, 17) the solid-liquid interface energy corresponding to a primary phase was estimated from the measurement results of primary dendrite arm spacing in the samples which were given by the unidirectional solidification experiment. Furthermore, to verify the value, the solid-liquid interfacial energy was determined from the measurement results of undercooling during solidification. For the refinement of dendritic microstructure which was the final purpose in this paper, a trace amount of surface acting element was added to molten steel samples to examine its effect.
Experimental Procedures

Unidirectional Solidification
To evaluate the solid-liquid interfacial energy during solidification based on the dendrite growth model, it is necessary to measure the primary dendrite arm spacing which grows under steady state condition defined by both the temperature gradient and the growth rate. Because the experimental method by unidirectional solidification [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] is suitable for this purpose, the solid-liquid interfacial energy which corresponded to a primary phase was determined by this technique.
As shown in Fig. 1(a) , the sample was melted and solidified unidirectionally under argon gas atmosphere in the vacuum vessel. Heating element made of carbon sleeve was heated up by the high frequency induction coil to indirectly heat up the specimen. A cylindrical sample of 1.0×10 -2 m in outside diameter and 2.0×10 -1 m in length was set up in the pipe made of alumina of 1.5×10 -2 m in outside diameter, 1.1×10 -2 m in internal diameter and 2.5×10 -1 m in length. The top edge of alumina tube was fixed with the chuck which was able to be opened and shut. After moving the heating unit by 4.0×10 -2 m with a velocity of 6.7×10 -5 ms -1 , both the shutter at the bottom of vacuum vessel and the chucks which fixed the sample and alumina tube were opened at the same time. Subsequently, the solidifying sample was dropped in the water bath to quench it.
After moving the heating unit by 2.5×10 -2 m, a B type thermocouple of 3.0×10 -4 m in outside diameter which was set in the protective alumina tube of 3.0×10 -3 m in outside diameter and 2.0×10 -3 m in inside diameter was immersed in molten steel sample from the above to measure the temperature at the solid-liquid interface to 5.0×10
-3 m at intervals of 1.0×10 -3 m. From these results, the temperature gradient was decided to 8.0×10 3 Km -1 . The position of solid-liquid interface was specified from the longitudinal cross section of microstructure while the dendrite arm spacing was measured on the transverse cross section below this interface of 5.0×10 -4 m. As dendrites can be assumed to be arranged squarely, the primary dendrite arm spacing is calculated by using the following equation 36) based on the number of dendrites per unit area. To observe the dendritic microstructure, the specimen was immersed in the saturated picric acid solution heated to 353 K for about 60 s. , n: number of dendrites. Table 1 shows the chemical composition of the steel samples. The ingots were made in a 30 kg vacuum furnace followed by forged. The samples were machined to the round bars of 1.0×10 -2 m in diameter and 1.5×10 -1 m in length. As a primary phase became δ phase or γ phase, the C concentration of the sample has been changed. Moreover, to evaluate the influence of an interfacial active element on the primary dendrite arm spacing, Bi was wrapped with pure iron foil was added into the molten steel.
Thermal Analysis
The solid-liquid interfacial energy can be evaluated from the measurement results of the undercooling during solidification. The temperature change during solidification was measured by using the melting furnace shown in Fig. 1(b) . The sample of 1.8×10 -2 m in outside diameter and 2.5×10 -2 m in height was inserted in an alumina crucible of 2.5×10 -2 m in outside diameter, 2.0×10 -2 m in inside diameter and 5.0×10 -2 m in height. It was thereafter heated to 1 873 K under an argon gas atmosphere and then was maintained for 300 s. After that, the degree of undercooling was measured under the cooling rates of 1.7×10 -1 Ks -1 and 3.3×10 -1 Ks -1 . The degree of undercooling was defined as the difference between the liquidus temperature and the temperature which showed the maximum undercooling on the cooling curve. The temperature of sample was measured by using R type thermocouple of 3.0×10 -4 m in diameter put in an alumina tube of 3.0×10 -3 m in outside diameter and 2.0×10 -3 m in inside diameter. After the sample was melted, this alumina tube was immersed in the molten sample from the above and was fixed at 1.0×10 -2 m from bottom. A trace amount of granular pure Bi was added into the molten steel as follows. It was pressed on the tip of pure iron 
plate of 2.0×10 -2 m in length with the opposite side of this plate fixed by the alumina tube for temperature measurement. The tube was moved down to the molten steel sample. After that, it was held for 60 s, followed by dipped in molten steel to measure the temperature during cooling.
The liquidus temperature was defined as the value which was extrapolated to cooling rate of 0 Ks -1 based on the measured temperature which changed into the first derivation on the cooling curve to time at cooling rate of 1.7×10 -2 , 1.7×10 -1 and 3.3×10 -1 Ks -1 . When the cooling rate was 1.7×10 -2 , it was impossible to determine the degree of undercooling due to too small extent.
Analytical Method
Dendritic Growth Model
For the unidirectional solidification, under the constrained growth condition which are fixed by both the temperature gradient and the growth rate, the KGT model 17) can be applied to analyze the experimental results. The undercooling at solid-liquid interface ΔT is obtained as a sum of the undercoolings due to solute diffusion ΔTC, the undercooling due to curvature by Gibbs-Thomson effect ΔTR and the undercooling due to kinetics ΔTk. Moreover, the undercooling ΔTU is generated by both the interaction between cells and the solute distribution ahead of cell tip under the unidirectional solidification condition. 27) In the present paper, these undercoolings were taken into consideration in analysis for the dendritic growth. According to the relationship described above, the dendrite tip temperature T tip can be shown as follows. 17, [37] [38] [39] ..... (7) Kurz et al. 17) have applied the marginal stability criterion to the dendrite growth theory of an alloy under unidirectional solidification condition and suggested the equation of maximum stable wave length λS of plane interface as a function of tip radius r. 
40)
Because a dendritic growth of alloy is governed by solute diffusion, it is assumed that the diffusion of solute in the solid can be neglected and the concentration at the interface is isoconcentration. Thereby the Ivantsov solution can be applied. ....... (11) σ has been obtained by a try and error method by the following manner. The value of λ1 is found so as to agree with the measured value by substituting various σ values for each sample by using the Eqs. (7) and (11) under the fixed condition of both G and V.
Heterogeneous Nucleation Model
The solid-liquid interface energy can be predicted by using the equation of heterogeneous nucleation by Turnbull. ). To predict the solid-liquid interface energy based on the cooling curve obtained from the experiment, the heterogeneous nucleation temperature and the nucleation time were ), n: number of nucleus (m -3 ). The population of primary dendrite arms was counted as 10 6 m -2 near the tip of the thermocouple in the sample used for thermal analysis. When the primary dendrite arm is formed by one nucleus and grows in parallel mutually, the number of nuclei per unit volume is equal to the number of the primary dendrite arms per unit area. Though the contact angle between solid and liquid is unknown, it is possible to estimate by changing the cooling rates.
Physical Properties
The physical properties which were necessary for the analysis were calculated based on the recent thermodynamics data. To examine the influence of the primary phase, the sample was assumed to be a Fe-C-1.4 mass%Mn ternary system with C concentration dealt as variable.
Figures 2(a)-2(f)
show the physical properties obtained by the equilibrium thermodynamic calculation. 45) Figure 2(a) shows the effect of C content on the liquidus slopes of C and Mn. The liquidus slope varies depending on the primary phase for both cases of C and Mn. Obviously, the slope of δ phase is larger than that of γ phase. The difference of slope of C between δ and γ phases is larger than that of Mn. It can be understood that the effect of C is more significant.
Figure 2(b) shows the effect of C content on the equilibrium partition coefficient of C and Mn. The equilibrium partition coefficient of C varies with the C concentration; the value of the primary δ phase is smaller than that of the primary γ phase. When the primary phase is the same, the equilibrium partition coefficient of C takes constant value. The equilibrium partition coefficient of Mn is constant independent on C concentration.
Figures 2(c)-2(f) show the change of latent heat of fusion, entropy of fusion, specific heat and molar volume of alloy with C concentration. Though these values vary with the primary phase depending on C concentration, the difference is small.
The solid-liquid interface energy was evaluated by using these values ( Table 2 and Fig. 2 ). Figures 3(a)-3(f) show the solidification microstructures parallel to the growth direction near the solid-liquid interface and cross section perpendicular to the growth direction below 5.0×10 -4 m from solidification front. In order to evaluate the solid-liquid interface energy, it is necessary to observe the solidification microstructure which grows under steady state conditions. In this study, it was confirmed that the dendrite grew in a steady state when the heating unit was moved by distance of 1.5×10 -2 m or more. Because a primary dendrite arm on the solid side near the solid-liquid interface dose not grow after quench, it is possible to accurately estimate the solid-liquid interface energy by measuring the primary arm spacing. Moreover, according to the observation of the solidification microstructure perpendicular to the growth direction, it is obvious that the primary dendrite arms grow in a steady state due to the regular arrangement of dendrite arms. Figure 4 shows the relationship between the primary dendrite arm spacing obtained from Eq.(1) and C concentration.
Results and Discussion
Solidification Microstructure
In the primary δ phase region, the primary dendrite arm spacing increases with increasing C concentration. In the primary γ phase region, the tendency is recognized to be the same. It is assumed that the primary dendrite arm spacing changes discontinuously at the C concentration of 0.45 mass% where primary phase alters. This tendency is consistent with a previous study. In this study, as mentioned above, the relationship between growth rate and primary dendrite arm spacing was evaluated as a function of the solid-liquid interface energy by using the dendrite growth model. In order to evaluate the solid-liquid interface energy, it is necessary that both the temperature and the concentration of dendrite tip are kept in a steady state. Therefore, consideration was made on how temperature and concentration of dendrite tip, and growth rate of dendrite are related with each other. Figure 5(a) shows the relationship between tip temperature and growth rate of dendrite for the case of which initial C concentration is 0.05 mass% and Mn concentration is 1.4 mass%. At a lower growth rate, the dendrite tip temperature increases with the growth rate, while the dendrite tip temperature is constant in this experimental range. It is understood that the dendrite grows in a steady state. Figure 5 (b) shows the change of C and Mn concentration at dendrite tip with growth rate for the case of initial C concentration 0.05 mass%. It can be seen that the concentrations of both C and Mn slightly increase with increasing growth rate. Then it is able to be assumed that the concentrations of C and Mn at dendrite tip are constant. Therefore, the number of dendrites in the sample was large enough and the change of both temperature and concentration near the solid-liquid interface were compensated. It is considered that the influence of experimental error is small to evaluate the solid-liquid interface energy. Figure 6 shows the relationship between primary dendrite arm spacing and growth rate varying with the solid-liquid interface energy. The primary dendrite arm spacing decreases with increasing growth rate. The primary dendrite arm spacing changes with growth rate depending on the solidliquid interface energy. Comparing at the same growth rate, the primary dendrite arm spacing decreases with decreasing the solid-liquid interface energy. The relationship between primary dendrite arm spacing and growth rate in agreement with the experimental result gives the solid-liquid interface energy. The solid line passes through the measured value while dashed lines show the range of ±20%. The primary dendrite arm spacing increased with increasing the solidliquid interface energy. Likewise, the solid-liquid interface energy can be evaluated for the sample B-F. Figure 7 shows the solid-liquid interface energy plotted against C concentration. In either primary phase, the solidliquid interface energy decreases with increasing C concentration. However, the change of solid-liquid interface energy with C concentration in the δ phase is different from that of the γ phase. It is considered that the value changes discontinuously at the C concentration of boundary between δ and γ phases. As shown in Fig. 4 , it was similar behavior to a discontinuous change of the primary dendrite arm spacing. The value of pure iron 22) plotted in this figure agrees to the extrapolated value of the primary δ phase. The primary dendrite arm spacing may change depending on the solid-liquid interface energy. Figure 8(a) shows the cooling curve of the sample of C concentration of 0.12 mass% and Mn concentration of 1.4 mass%. In general, solidification starts below the liquidus temperature with a constant cooling rate showing the degree of maximum undercooling. Then, the temperature shows the maximum recalescence temperature followed by a decrease again. The solid-liquid interface energy was calculated by using the Eqs. (12)- (15) based on the degree of maximum undercooling. It is considered that heterogeneous nucleation takes place on the surface of alumina tube for protection of thermocouple. A contact angle in the equation of heterogeneous nucleation was estimated based on the measurement results of undercooling with different cooling rates. Figure 9 shows the relationship between degree of undercooling and nucleation time which is based on the equation of heterogeneous nucleation as a function of contact angle.
Cooling Curve
The contact angle θ was estimated so as to agree to the curve by substituting various contact angles. The open circle shows the result which is 33°. Using this value and Eqs. (12)- (15), the solid-liquid interface energy can be obtained.
This value was plotted in Fig. 7 shown as a cross mark, in which the values by unidirectional solidification have been indicated. The value by undercooling is found to well agree with the line obtained from the primary dendrite arm spacings by unidirectional solidification. Consequently, it can be said that the both experimental methods are accurate enough to evaluate the solid-liquid interface energy.
Refinement of Solidification Microstructure by
Decreasing Solid-liquid Interfacial Energy A general way to control solidification microstructure is to vary solidification conditions. Alternatively, one can accomplish it by varying the solid-liquid interface energy. Addition of Bi as an interfacial active agent is able to decrease the solid-liquid interface energy. Then the analysis has been done by both the dendrite growth and the heterogeneous nucleation models. In the experiment, Bi was added to the sample of 0.12 mass%C and 1.4 mass%Mn. Figure 10 shows the solidification microstructure of the sample varying Bi concentration under the unidirectional solidification condition. The pictures are solidification microstructures of the longitudinal cross sections near the solid-liquid interface along with the transverse cross sections below 5.0×10 -4 m from solidification front. It is understood that addition of Bi does not affect the morphology of solidification microstructure of dendrite. The higher the Bi concentration is, the finer the dendrite is. Moreover, it was confirmed that the primary dendrite arms grew in a steady state condition, because the primary dendrite arms were arranged regularly. The primary dendrite arm spacing was calculated by using the Eq. (1). Figure 11 shows the change of primary dendrite arm spacing with Bi concentration. A trace amount of Bi significantly affects the primary dendrite arm spacing. Apparently, the higher Bi concentration is, the finer the primary dendrite arm spacing is. Figure 12 shows the relationship between primary dendrite arm spacing and growth rate by using the dendrite growth model. The primary dendrite arm spacing decreases with increasing Bi concentration. Solid-liquid interface energy can be estimated by fitting this figure so as to agree with the measurement values resulting in the evaluation of solid-liquid interface energy, quantitatively. Figure 13 shows the solid-liquid interface energies as a function of Bi concentration. Within the experimental conditions, the solid-liquid interface energy decreases with increasing Bi concentration. As recognized in Figs. 11 and 13, it was clarified that the primary dendrite arm spacing was able to be smaller by a decrease of solid-liquid interface energy by the addition of a trace amount of Bi. Figure 8(b) shows the cooling curve of the samples of 30 ppm Bi. The influence of Bi addition on cooling curve is clarified by comparing with that of Bi free as shown in Fig.  8(a) . The cooling curve of (b) 30 ppm Bi is similar to (a) Bi free. It can be realized that the undercooling is smaller with 30 ppm Bi. This result implies that the heterogeneous nucleation occurs easily owing to the smaller undercooling. Figure 9 shows the relationship between undercooling and incubation time for heterogeneous nucleation. The contact angle 33°, obtained earlier with the Bi free sample, was applied for the case of 30 ppm Bi. The solid-liquid interface energy can be calculated in the manner described above. These results shown in Fig. 13 have proved that the values from two experimental techniques agree with each other. Besides, predicted value in this study is valid.
Unidirectional Solidification
Cooling Curve
To make the solidification microstructure finer, the intensive cooling in the secondary cooling zone has been adopted by the general technique for continuous casting process. In this study, it was shown that the solidification microstructure could be fine by decreasing the solid-liquid interface energy by addition of a trace amount of Bi.
Effect of Refinement of Dendrite
A lot of studies 46, 47) have been done on the improvement of mechanical properties of the steel products made from the ingots in which the solidification microstructure is refined and microsegregation is reduced. The primary dendrite arm spacings, governing the behavior of microsegregation, characterizes the solidification microstructure indicating the characteristic length for microsegregation.
In this study, it was shown that the primary dendrite arm spacing varied the solid-liquid interface energy during solidification depending on C concentration. Moreover, it was clarified that the primary dendrite arm spacing became smaller by adding a trace amount of Bi. Then, to determine the influence of finer primary dendrite arm spacing on microsegregation, the behavior of microsegregation was analyzed by using the solute redistribution model 48) during and after solidification. ine the change of the Mn concentration with time, the calculated results are shown just after solidification and after solidification maintained for 7.2×10 2 s at 1 473 K. The region of analysis was one half of a primary dendrite arm under symmetry assumption. The diffusion coefficients used for the analysis are shown in Table 2 .
The Mn concentration just after solidification showed the highest value in the interdendritic region and the minimum value shown in the core of dendrite by the solute redistribution. Mn concentration in the interdendritic region shows that the concentration in the case of arm spacing of 1.5×10 -6 m is smaller.
The effect of soaking at 1 473 K after solidified is clear; the concentration of Mn in the interdendritic region became lower than that just after solidification. This is because Mn diffuses from the interdendritic region to the core region of dendrite. In this way, the smaller primary dendrite arm spacing can bring a quicker decrease in Mn content leading to uniform distribution. Figure 15 shows the relationship between segregation ratio of Mn and primary dendrite arm spacing just after solidification. The segregation ratio of Mn is defined as the maximum concentration in the interdendritic region just after solidification divided by the initial concentration. The segregation ratio decreases with decreasing the dendrite arm spacing. It is effective to decrease the primary dendrite arm spacing for the decrease in the segregation ratio.
The larger Fourier number (Fr=D×t/L 2 ) 49) shows that the solute element is subject to diffuse where, D: diffusion coefficient, t: time, L: characteristic length. Accounting for microsegregation, the characteristic lengths L of Fourier number is equivalent to the primary dendrite arm spacing. Because the Fourier number is inversely proportional to the square of the primary dendrite arm spacing, it is effective to have primary dendrite arm spacing smaller. The technique to take time or increase temperature has been applied to have higher Fourier number.
To clarify the effect of diffusion after solidification with the smaller primary dendrite arm spacing, the condition to have 1.2 in segregation ratio of Mn at 1 473 K is given in Fig. 16 . The condition is shown as the curve in this figure. The smaller primary dendrite arm spacing can significantly save time required for diffusion. This is more effective for the condition of longer time.
Secondary Dendrite Arm Spacing
It was confirmed that the primary dendrite arm spacing became shorter by decreasing the solid-liquid interface energy in both the experiment and the theoretical analysis. The influence of the solid-liquid interface energy on the secondary dendrite arm spacing was determined as well as the primary dendrite arm spacing. The secondary dendrite arm spacing can be predicted by using the coarsening theory and it has been clarified that the arm spacing is proportion to a third of the power of partial solidification time.
50) The same partial solidification times are required to compare the secondary arm spacing. The arm spacing was therefore measured at the position which corresponds to the solidus temperature.
It is understood that the secondary dendrite arm spacing decreases with increasing Bi concentration as shown in Fig.  17 . As can be understood in Fig. 13 , the solid-liquid interface energy decreases by Bi addition. Figure 18 shows that there is proportional relation between primary and secondary arm spacings of dendrite. The primary dendrite arm spacing decreases with increasing Bi concentration. The secondary dendrite arm spacing decreases with increasing Bi concentration or alternatively decreasing the primary dendrite arm spacing. As mentioned above, the both primary and secondary dendrite arm spacings become smaller with the lower solidliquid interface energy. An experiment was made to add a trace amount of Bi in molten steel for actual operation based on this result of fundamental experiment. Clearly, the primary dendrite arm spacings in the continuously cast slabs became smaller. Addition of a trace amount of Bi will be a new technology to lower the solid-liquid interface energy to control solidification microstructure. This is expected to fulfill the demands of high performance products for carbon steel in the future. Moreover, it is expected to apply this technology for high speed continuous casting, and the continuous casting steels that are difficult to cast.
Conclusions
Control of the dendritic growth which determines the size and the morphology of solidification microstructure in continuously cast slabs becomes important for demand of high performance products. A guideline of control of the dendritic growth can be obtained by the establishment of dendrite growth model and the progress of the prediction approach for solidification microstructure such as phase field model. However, to accurately simulate the dendritic growth, accurate physical properties are required. The solid-liquid interfacial energy has not been evaluated sufficiently due to difficulty to measure this value at high temperatures. In the present paper, the solid-liquid interface energy was estimated from the measurement results of both primary dendrite arm spacing by the unidirectional solidification and undercooling by the thermal analysis. For the refinement of dendritic microstructure which was the final purpose in this paper, a trace amount of surface acting element Bi was added to molten steel samples to examine its effect. From these results, the following conclusions were obtained.
(1) The relationship between primary dendrite arm spacing and C concentration was varied with the primary phase which was either δ phase or γ phase during solidification, and that relation was altered discontinuously at the boundary of these phases. When the primary phase was the same, the primary dendrite arm spacing increased with increasing C concentration.
(2) The solid-liquid interface energy of δ phase was different from that of γ phase, and the value of δ phase was larger than that of γ phase. The solid-liquid interface energy altered discontinuously at the boundary between these phases. It was similar behavior to a discontinuous change of the primary dendrite arm spacing. In either primary phase, the solid-liquid interfacial energy decreased with increasing C concentration.
(3) The solid-liquid interface energy decreased by addition of 30 ppm Bi and the primary dendrite arm spacing became smaller by about 25%. Moreover, the undercooling became smaller with 30 ppm Bi during solidification owing to the effect of decreasing the primary arm spacing.
(4) A decrease in the primary dendrite arm spacing improved microsegregation just after solidification. The smaller primary dendrite arm spacing could save time required for diffusion after solidification. It was effective to decrease the primary dendrite arm spacing for homogenization of the solute elements in the continuously cast slabs.
(5) The secondary arm spacing decreased with decreasing the primary dendrite arm spacing. The refinement of the secondary dendrite arm spacing was made possible by the addition of a trace amount of Bi. It could be explained that one could uniformly refine the both primary and secondary dendrite arm spacings, which were basic sizes of solidification microstructure, by altering the solid-liquid interface energy. 
